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* Higher energy physics potential

> Proton decay

> Atmospheric neutrinos

~ Beam neutrinos

 Summary and thoughts
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Gd-doped water-Cherenkov detectors

Water-Cherenkov detectors detect charged particles moving faster than the
speed of light in water

They are reasonably easy to scale up reaching huge fiducial volumes, making
them ideal for neutrino physics and proton decay searches

Gd has the |largest cross-section for thermal thermalisation
neutron capture (average of 49000 barns)

y-cascade
(8 MeV)

The resulting excited Gd nucleus de-excites
emitting a cascade of photons

n+" Gd =" Gd* =T Gd + s

After a neutron is produced, it thermalizes in water At ~ 30 us
and is captured by Gd in ~30 ys

- 10 ps for the neutron to become thermal

- 20 s for the Gd-capture and de-excitation times

 Gd-capture

The neutron propagates for about 2 m in water until it becomes thermal

> This time and spatial coincidences are key to relate the Gd-neutron
capture signal with the interaction which originated the neutron
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The produced y-cascade has a mean multiplicity of 4 photons, with a total
energy of ~8 MeV in average, which can be easily measured
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152Gd 0.20 1050 6.25
154Gd 2.18 85.0 6.44
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157Gd 15.65 254000 7.94
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The produced y-cascade has a mean multiplicity of 4 photons, with a total
energy of ~8 MeV in average, which can be easily measured

Isotope Natural | Cross-section | De-excitation
Abundance (%) (barn) energy (MeV)
152Gd 0.20 1050 6.25
154Gd 2.18 85.0 6.44
155Gd 14.80 60700 8.54
156Gd 20.47 1.71 6.36
157Gd 15.65 254000 7.94
158Gd 24.84 2.01 5.94
160Gd 21.86 0.765 5.64

Gd-doping provides, in addition to the
charged particles detection, a highly
efficient way of detecting neutrons by

dissolving a salt of this rare earth into a

water-Cherenkov detector

100
90
80
70
60
50
40
30
20
10

(%

Fraction of neutrons captured

0.002 0.02 0.2
Gadolinium sulfate concentration (%)




Status and plans of the technology

The most recent and ambitious project of this sort is SuperK-Gd, that is the
doping with Gd of the Super-Kamiokande detector (happening already next year)



Status and plans of the technology

The most recent and ambitious project of this sort is SuperK-Gd, that is the
doping with Gd of the Super-Kamiokande detector (happening already next year)

A huge R&D campaign was carried out since it was first proposed in 2003,
being currently ready to be applied, and
mostly thanks to the EGADS demonstrator
* Which salt to use (sulphate)
* Water purification systems
Water transparency
Uniformity of Gd
Impact on detector materials :
EleCtroniCS and D AQ o Colan owwr cwi  Geoet oufa cwmwr  oami soken aoroec T wn 2 °
Gd-induced backgrounds (from impurities)

! 1
1" Black dashed line: fina

=
E
7
=
-
7
=
i
o
=

renkov Light Left (%) at 15 m
& w - @

Che
W

0.02% Gd, ($0,),

0.16% Gd, (S0,):
0.2% Gd, (SO,)
Maintenance

Fast reci

ncentration [ppm |

,0 co

*H

EGADS Gd , (SO, ); + x



Status and plans of the technology

The most recent and ambitious project of this sort is SuperK-Gd, that is the
doping with Gd of the Super-Kamiokande detector (happening already next year)

A huge R&D campaign was carried out since it was first proposed in 2003,
being currently ready to be applied, and -1 ...
mostly thanks to the EGADS demonstrator:™®
* Which salt to use (sulphate)
* Water purification systems
Water transparency
Uniformity of Gd
Impact on detector materials
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Therefore, Gd-doped water-Cherenkov detectors are a proven and ready
technology

They are also very useful from the physics point of view as this kind of
detectors is growing: EGADS, ANNIE, SuperK-Gd, WATCHMAN, XENONNT
water shield, WCTEC, IWCD, HyperK (?)

EGADS Gd , (S0, ); +



Low energy neutrino physics potential

This is traditionally the focus of Gd-water-Cherenkov detectors, at neutrino
energies of tens of MeV



Low energy neutrino physics potential

This is traditionally the focus of Gd-water-Cherenkov detectors, at neutrino
energies of tens of MeV

This Is because at these energies, a neutron in the final state is indicating an
Inverse beta reaction from an antineutrino



Low energy neutrino physics potential

This is traditionally the focus of Gd-water-Cherenkov detectors, at neutrino
energies of tens of MeV

This Is because at these energies, a neutron in the final state is indicating an
Inverse beta reaction from an antineutrino

Then, Gd-doped detectors can very efficiently discern between neutrinos (no
neutrons) and antineutrinos (one neutron), and, also, reduce the backgrounds
from spallation and radioactivity (Rn)
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This is traditionally the focus of Gd-water-Cherenkov detectors, at neutrino
energies of tens of MeV

This Is because at these energies, a neutron in the final state is indicating an
Inverse beta reaction from an antineutrino

Then, Gd-doped detectors can very efficiently discern between neutrinos (no
neutrons) and antineutrinos (one neutron), and, also, reduce the backgrounds
from spallation and radioactivity (Rn)

A Gd-water-Cherenkov module in DUNE will highly enrich the physics
program at low energies with measurements otherwise very challenging for
LAr TPCs:

e Standard and NSI solar neutrino physics

 Complementary measurements of supernova bursts with the other

modules
* Measurement of the Diffuse Supernova Neutrino Background (DSNB)
* Early supernova warning by measuring the pre-supernova stage
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But Gd-loading also offers benefits at higher energies for proton decay and
neutrino physics

Neutron tagging provides additional relevant information about the final state
of the interaction which, in the end, improves the knowledge of the physics
process and the performance of the detector

Proton decay:

Neutrons would act as veto for proton decays as the majority of the final
states do not contain any neutrons

The main background for proton decay searches are atmospheric neutrinos,
which usually (>70%) produce at least one neutron
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Nevertheless, next, three of the most relevant benefits of efficient neutron
tagging for higher energy neutrinos are shown (still being improved)

NOTE: The following figures and results show simulations

for SuperKGd and T2KGd
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* Neutrino-antineutrino separation:
This is the natural and most logic continuation of neutron tagging, following
the IBD reasoning
This would work for CCQE interactions, but not necessarily for the rest of
Interaction modes

In addition, primary interactions are followed by complex secondary
Interactions within the nuclear media, which produce more neutrons diluting
the neutron multiplicity differences

Despite all this, the neutron multiplicity is still larger for antineutrinos

Atmospheric v, y-like (>1 GeV) DUNE beam energy range (1.5 ~ 2.5 GeV)
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* Neutral current and charge current

Neutrinos interacting differently will deposit different fractions of their energy
In the target nucleus, this is related with the secondary interactions inside it

and, therefore, related to the total neutron production

In this sense, neutron tagging does have some discrimination power to
separate between CC, CC-DIS and NC neutrino interactions
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* Energy neutron correction
As previously argued, neutrons do contain some information about the
fraction of neutrino energy transferred to the nucleus

Most of this energy transferred is invisible for water-Cherenkov detectors
and being able to access it provides a better neutrino energy reconstruction

Invisible energy fraction as function
of the Gd-tagged neutrons

2
c | x2/ndf 10.66 / 10
185 | o 0.2273 +0.0190
1.6 | p1 0.09679 +0.02976
C | p2 0.01059 £0.01139
145 | o3 ~0.002531 +0.001477
E,-Eus 1.2 | p4  0.0001068 +0.0000596
e 4o
0.8
- .
0.6
0.4 E% = E,;,(1 + f(Gd — neutron))
0.2F

: 1 | 1 | 1 | | | | | | l | 1 | | | | | | 1 | 1 | 1 | | | |
00 2 4 6 8 10 12 14
Number of Gd-tagged neutrons



Higher energy physics potential

* Energy neutron correction
As previously argued, neutrons do contain some information about the
fraction of neutrino energy transferred to the nucleus

Most of this energy transferred is invisible for water-Cherenkov detectors
and being able to access it provides a better neutrino energy reconstruction
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Higher energy physics potential

Atmospheric neutrino oscillations:
All three previous Gd-neutron tagging tools applied improve the atmospheric v
oscillation analysis as compared with the standard case
* Neutrino-antineutrino: performs best at lower energies and improves the
sensitivity to 6., and MO
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Atmospheric neutrino oscillations:
All three previous Gd-neutron tagging tools applied improve the atmospheric v
oscillation analysis as compared with the standard case
* Neutrino-antineutrino: performs best at lower energies and improves the
sensitivity to 6., and MO

 CC-CCDIS-NC: it provides better flavor separation at high energies,
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Atmospheric neutrino oscillations:
All three previous Gd-neutron tagging tools applied improve the atmospheric v
oscillation analysis as compared with the standard case
* Neutrino-antineutrino: performs best at lower energies and improves the
sensitivity to 6., and MO

 CC-CCDIS-NC: it provides better flavor separation at high energies,
improving the sensitivity to the 8_, octant

* Energy neutron correction: it affects significantly most of the samples,
providing an overall improvement in the sensitivity to the oscillation
parameters
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Neutrino beam oscillations: T2K v -like sample
The T2K neutrino beam is very oW energy .ol — wooes }
(0.6 GeV) compared to DUNE’s future 20000f L "o
beam 15000}
In fact, being the neutrino energy for osogE:
DUNE ~2 GeV all the three Gd-tagging 5000k -
tools can be applied: O E T s o o8 T TE_ 2
* Detect possible (anti)neutrino _ Ev
backgrounds when the beam is in T2K assuming known NH and 3.9-10% POT
antineutrino (neutrino) mode 43
* Neutron multiplicity may help to identify zj

CCDIS or NC events
* Complementary method for
reconstructing the neutrino energy

The largest improvement in sensitivity
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would come from the abllity of detecting Sce (rad/m)
beam (anti)neutrino backgrounds
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Gd-doped water-Cherenkov detectors offer
many advantages for physics measurements -
as compared with regular WC technology

It provides a very complete and well known
low-energy neutrino physics program and

has the potential of significantly improving the sensitivity the neutrino mass
ordering and the CP-phase through atmospheric and beam neutrinos

In addition of being a novel but developed and proven technology, with the
startup of SuperK-Gd and T2KGd (Japan), ANNIE (FNAL) and the
possibility of WCTEC (CERN), a lot of knowledge will be acquired:
* Improving Gd-water purification systems
* Development of photo-sensors, like LAPPDs in ANNIE (which would be
iIdeal for DUNE’s module given its geometry)
* Depending on the photo-sensor technology the Gd concentration can be
adjusted
* Given the size of the cavern, it would be a ~10 kton FV detector (depends
on the possible geometry modifications, outer detector...) aiming for a
large photocoverage
* Water source in South Dakota?
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GdUNE!?

* From the physics point of view, huge
knowledge from the data of the existing
detectors: neutrino-induced neutron
production, constrain uncertainties in neu
production processes and their models, Ir
tuning simulations, etc.

Gd-WC detector could be a serious candidate for the fourth module, cheaper
than LAr TPCs, it complements the physics done by other modules and opens
the possibility to other physics measurements

Developing an actual simulation of a module of this sort is doable with WCSim
and GLOBES,

shall we?
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